In this study, the rate-dependent mechanical behavior of a Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass was studied using quasi-static and dynamic shear-punch testing at room temperature. The results demonstrate that the shear strength of this alloy is insensitive to the applied strain rate. However, the formation of shear bands and the serrated flow exhibits a significant strain rate effect. The shear banding-induced fracture patterns and the fracture-melting phenomenon were analyzed based on the free volume theory and the energy transfer model.
I. INTRODUCTION
Bulk metallic glasses (BMGs) have attracted large interest due to their unique physical, mechanical, and chemical properties. [1] [2] [3] [4] [5] However, BMGs loaded under unconstrained conditions usually fail catastrophically with little global plasticity. 6 This deformation behavior has limited the application of BMGs as engineering material so far. At low temperatures (e.g., room temperature), plastic deformation of BMGs is usually localized into thin shear bands. [7] [8] [9] Many macroscopic mechanical properties (e.g., plasticity and ductility) are thus controlled by the individual and collective behavior of the shear bands. Furthermore, the behavior of shear bands is significantly affected by loading conditions and loading rates. Up to now, most available experimental studies on BMGs were conducted under uniaxial compression, tension, and indentation loadings. Different from compression, tension, or indentation loading modes, shear-punch testing (SPT) was performed to identify the mechanical properties of BMGs in the present work. It has been demonstrated that tensile strength data can be directly related to effective shear strength data obtained from SPT on thin specimens for a variety of materials. Thus, SPT can be successfully used to evaluate the mechanical properties of materials. 10, 11 To the authors' knowledge, no data are currently available on shear-punch testing of BMGs. In view of the aforementioned observations, the mechanical properties of Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass under quasi-static and dynamic loading were investigated using the SPT technique. By controlling the applied load, the shear band patterns before fracture and the fracture morphologies at different applied loading rates were investigated.
II. EXPERIMENTAL

A. Sample preparation
Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass was produced by arc melting the pure elements (99.99%) together under a purified Ar atmosphere to obtain ingots of the desired composition. Each ingot was then re-melted four times to ensure a homogeneous composition. From these ingots, metallic glass plates with 100 mm length, 20 mm width, and 2 mm thickness were prepared by suction casting the molten alloy into a copper mold. The obtained metallic glass plates were confirmed to be noncrystalline by conventional x-ray diffraction. (Siemens D5000) The specimens were machined into disks 10 mm in diameter and 1.5 mm thick. The samples were then fine polished in preparation for testing. For each condition, 6-10 specimens were tested.
B. Mechanical testing
Shear-punch testing was performed using a specially designed fixture [ Fig. 1(a) ] in an MTS 810 material testing system and a split-Hopkinson pressure bar (SHPB) apparatus, respectively. The quasi-static tests were conducted with a MTS 810 material testing system at a cross-head speed of 0.06 mm/min with a 6-mm-diameter punch. The load applied was continuously monitored as a function of punch head displacement. To investigate the evolution of shear bands in the specimens, the applied loads were unloaded at different values. As illustrated in Fig. 1(b) , the shear stress was calculated using the following relation
where r avg ‫ס‬ (r punch + r die )/2, P is the applied load, and H is the specimen thickness. The true multiaxial, nonuniform stress state in the annular shear zone is relatively uniform shear combined with a compressive stress of smaller magnitude. The net effect of these multiaxial, nonuniform stresses for shear-punch tests, relative to a pure shear stress state, appears to be mostly a modification of the correlation constants connecting shear-punch stresses with tensile test stresses. 11 Since these constants must be established experimentally, it is reasonable to adopt Eq. (1) as an appropriate operational definition of the stress for shear punch tests.
To obtain the accurate displacement of the punch, the measuring method of crack opening displacement (COD) was adopted. Moreover, there is an influence of the punch compliance because a portion of the punch is below the punch-COD coupling. The resultant punch displacement (h r ) was obtained by subtracting the elastic compression (␦) of the punch from the punch displacement measured by the COD (h C ),
E is the Young's modulus of the punch material, P is the load, and L is the length of the punch that is below the COD coupling. Under quasi-static loading, the shear strain and the shear strain rate were normalized by the die-punch clearance B, and they were defined as shear strain ␥ ‫ס‬ (h r /2B); and shear strain rate ␥ ‫ס‬ (ḣ r /2B). The dynamic tests were conducted with a splitHopkinson pressure bar (SHPB) apparatus at impact speeds of 16, 20, and 22 m/s with a 6-mm-diameter punch. The evolution of shear bands was achieved through modifying the impact speed. The normalized strain rate, normalized strain, and shear stress can be calculated according to the incident wave ⑀ i (t), the reflected wave ⑀ r (t), measured by the gauges on the input bar, and the transmitted wave ⑀ t (t), measured by the gages on the output bar as follows
where A b , E b , and C b are the cross-section area, elastic modulus, and elastic wave velocity of the pressure bar, respectively. Under dynamic loading, the shear strain and the shear strain rate were also normalized by the diepunch clearance B. 
C. Observation of shear bands and fracture morphology
To understand the shear band behavior and the shear fracture mechanisms of the material, the surfaces before fracture and the fracture surface morphologies of deformed samples were carefully examined by scanning electron microscopy (SEM; FEI-Sirion NC microscope).
III. EXPERIMENTAL RESULTS
A. Mechanical behavior
The shear stress versus normalized shear strain curves obtained under both quasi-static and dynamic loading of the Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass are shown in Fig. 2 . The normalized shear strain rates are 5.6 × 10 −4 s −1 and 6.0 × 10 3 s −1 , respectively. It can be seen from Fig. 2 that, for both typical strain rates, the material exhibits a "quasi-brittle" behavior and little macroscopic plastic flow (about 0.1%). After the peak stress, the stress dropped immediately. The peak shear stress or shear strength is about 1100 MPa for the quasistatic strain rate and 1140 MPa for the dynamic strain rate. This means that under shear punch testing, the shear strength of this material is relatively insensitive to the strain rate. The present result is consistent with the experimental observation of Lu et al. for compression testing of this alloy. 13 At quasi-static loading conditions, the flow is noted to be serrated. This is similar to that what has been previously observed for other loading modes. [14] [15] [16] [17] [18] [19] Also, serrated flow has been proposed to be associated with the emission of localized shear bands.
14 It is of interest to note that the amplitude of the serrated flow decreases with increasing strain rate. This is similar to previous reports on BMGs under different loading conditions. [14] [15] [16] [17] [18] [19] Actually, the flow serration gradually diminishes at the strain rate of 6.0 × 10 3 s −1 .
B. Shear band behavior and fracture morphology
The SEM micrographs of the punch-deformed surfaces subjected to normalized strain rates of 5.6 × 10 −4 s −1 and 6.0 × 10 3 s −1 are presented in Figs. 3(a) and 3(b), respectively. The stress corresponding to these photographs is about 1000 MPa. It is readily found that, under both quasi-static and dynamic strain rates, a circular deformed region on the sample surface can be observed. The result demonstrates that the designed fixture and specimen can effectively ensure the deformation under the prescribed shear-punch condition.
The micrographs in Figs. 4(a) and 4(b) depict the local morphology around the circular deformation region under quasi-static and dynamic strain rates. .
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These shear bands are distributed along the circular deformation region. Compared with the quasi-static loading case, the density of shear bands formed at dynamic strain rate is relatively high. This observation is consistent with the findings of Mukai et al. 15 for dynamic tensile testing, Schuh et al., 16 Jiang et al., 17 and Dai et al. 18 for nanoindentation, as well as with the results of Liu et al. 19 for compression testing. The difference in the density of shear bands indicates that the formation of shear bands is significantly dependent on the strain rate; i.e., the density of shear bands at the dynamic strain rate is higher than that under quasi-static strain rate conditions. The aforementioned stress-strain curves demonstrate that the amplitude of the serrated flow decreases with increasing strain rate. The facts that the density of shear bands increases and the serrated flow diminishes with increasing loading rate demonstrate that the serrated flow depends on the individual behavior of single shear bands, and the collective behavior of numerous shear bands will suppress the serrated flow.
T h e t y p i c a l f r a c t u r e m o r p h o l o g y o f t h e Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 BMG under quasi-static strain rate is shown in Fig. 5(a) . The shear-punch fracture surface can be divided into two characteristic zones along the shear loading direction, which are the fracture initiation zone (I) and the fast facture zone (II). In the slip zone (I), except for some strips and traces of microcracks, as shown in the magnified area displayed in Fig. 5(b) , no melting phenomenon can be observed. With accelerated propagation of the fracture cracks, the fracture turns into the fast fracture zone (II), where vein patterns and melted droplets can be readily observed. It is very interesting to see that the fracture morphology is changed in the middle of zone (II), as shown in the high magnification micrograph Fig. 5(c) of this zone. The melting region in the second part is much larger than that in the first part along the crack propagating direction.
T h e t y p i c a l f r a c t u r e m o r p h o l o g y o f t h e Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 BMG under dynamic strain rate is shown in Fig. 6(a) . The shear-punch fracture surface can also be divided into two characteristic zones along the shear loading direction: the fracture initiation zone (I) and the fast facture zone (II). However, compared with the quasi-static case, the most obvious difference is that there was not any obvious changes of fracture morphology could be observed in zone (II). Simultaneously, the area of the melted regions is larger than under quasi-static loading. These observations demonstrate that the sample fractured rapidly with little changes. 
IV. DISCUSSION
The above experimental observations reveal that the serrated flow, the density of shear bands, and the fracture morphology are strongly affected by the strain rate or loading rate, although the shear strength for this alloy is relatively insensitive to the stain rate. Serrated flow of BMGs is most commonly observed under uniaxial compression 14, 19 and nanoindentation. [16] [17] [18] Furthermore, these serrations have been correlated with the motion of individual shear bands in the sample, where each shear .
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Characterization of rate-dependent shear behavior of Zr-based bulk metallic glass using shear-punch testing band contributes a small increment of plastic strain to the macroscopic stress-strain curve. 14 Simultaneously, the density of shear bands depends on the loading rate, suggesting that shear band nucleation and propagation are rate-dependent processes. 16 However, the mechanisms for this rate-dependent shear banding behavior are not well understood.
Physically, a rate effect such as observed in Fig. 4 is consistent with the notion that shear banding is an inherently nucleation-dominated process. [20] [21] [22] This process is not only affected by the amplitude of the imposed loads, but also affected by the externally imposed strain rates. For a low externally imposed strain rate, the very high local shear rate in a shear band can be decreased with enough time. This implies rapid unloading of the loading system and stop of plastic deformation, i.e., repeated load serrations occur with single shear band. New shear bands are nucleated again when the stress rises and approaches the necessary value. However, for a very high external strain rate, such unloading is highly suppressed, 23 the stress remaining at the high nuclea-tion value of shear bands. Thus, to accommodate the imposed high strain rate, a large number of shear bands may originate. Microscopically, the formation of a shear band in BMGs occurs first by the local free volume softening. The rate effect in this process is the formation of a shear-band embryo from a local free volume increasing and coalescence. Finally, the rate effect of the formation of shear band can be characterized by the rate effect of the net creation or evaluation of the free volume in BMGs.
According to the free volume theory, [20] [21] [22] 24 the formation of shear bands in metallic glasses is mainly due to the creation and coalescence of free volume, and the creation and diffusion of free volume in metallic glasses are greatly affected by the strain rate. From TurnbullCohen's free volume theory, 24, 25 Spaepen developed a general constitutive equation to characterize the plastic flow of metallic glasses. 20 According to this model, the shear strain rate can be written as
where is the applied shear stress, ␥ is the shear strain rate, is the concentration of the free volume, ␣ is a geometrical factor of the order of unity, f is the frequency of atomic vibration, ⌬G is the activation energy, ⍀ is the atomic volume, k B is Boltzmann's constant, is the shear modulus, and T is the absolute temperature. Equation (6) shows that the concentration of the free volume plays a key role in the deformation of metallic glasses. An as-prepared metallic glass is thermodynamically unstable and has a nonequilibrium amount of free volume. During deformation under a shear stress, additional free volume is continuously created by the applied shear stress and, on the other hand, annihilated by structural relaxation due to atomic rearrangements. In the flow model developed by Spaepen, 20 the free volume is created by an applied shear stress and annihilated by a series of atomic jumps, and the net rate of the change of the free volume concentration is
where n D is the number of atomic jumps needed to annihilate a free volume equal to V*, S ‫ס‬ 2(1 + )/ 3(1 − ) , and is Poisson's ratio. By numerically solving Eqs. (6) and (7), the shear stress-strain curves and the evolution of the free volume concentration can be obtained. In the calculation, we take ␣ ‫ס‬ 0.15, f ‫ס‬ 1 × Fig. 7 . The effect of shear strain rate on the steady value of the dimensionless free volume concentration is presented in Fig. 8 . Obviously, the dimensionless free volume concentration is sensitive to the shear strain rate; i.e., the dimensionless free volume concentration increases with increasing shear strain rate.
It can be seen from Fig. 7 that for those relatively low stresses, the free volume annihilation rate exactly balances the stress-driven creation rate. As a result, the total concentration of free volume remains constant. With the   FIG. 7 . Dimensionless shear stress and free volume concentration as a function of shear strain. applied load increasing further, the creation rate exceeds the annihilation rate, which results in a distinct drop in shear stress. Eventually, the annihilation rate again balances the creation rate, and the steady state value of the concentration of free volume is reached. It is noted from Fig. 7 that the steady value of the concentration of free volume is larger than the initial value. More importantly, it can be found from Fig. 7 that the total concentration of free volume in metallic glasses is significantly affected by the strain rate: the higher the strain rate, the higher the concentration of free volume. As mentioned above, the coalescence of free volume is a key reason for the formation of shear bands in BMGs. Therefore, a relatively higher concentration of free volume will promote the initiation of shear bands in BMGs. The experimental observation that the number of shear bands initiated at dynamic strain rates is larger than that at quasi-static strain rates can be mainly attributed to this reason.
However, this does not mean that the local heating induced by the dissipated work of deformation does not play a role in the formation of shear bands in BMGs for any cases. At high strain rates (␥ ജ 10 2 s −1 ), the local heating within the shear localization zone may exert an influence on the shear band formation in BMGs. Hence, further studies are still needed to be performed to discern this effect at high strain rates.
Once shear bands are initiated in the alloy, one dominant shear band will propagate fast and fracture occurs immediately. Figures 5 and 6 show the fracture morphologies at the quasi-static and dynamic strain rates, respectively. Since the fracture morphology is created by shear band propagation, a close-up examination on the characteristic features of the fracture morphology can help us understand the shear band propagation behavior and the fracture mechanism. It can be seen from Fig. 5 and Fig. 6 that melted regions can be observed under both quasi-static and dynamic shear loading. The melting phenomenon demonstrates that the temperature of the shear region has exceeded the melting temperature of the tested material. The local increase in temperature can be estimated by considering the conversion of the stored elastic strain energy into adiabatic heating of a localized region at the moment of shear fracture. From Fig. 1 , the total elastic strain energy (E e ) can be estimated by the following equation
where f and ␥ e are the fracture strength and the elastic strain of the material. r avg ‫ס‬ (r punch + r die )/2, H is the specimen thickness, and B is the die-punch clearance in the deformation region. Since all plastic deformation is localized in the shear deformation bands, it is reasonable to assume that the elastic strain energy is dissipated in the shear band region at fracture, 26 resulting in adiabatic heating in this region. The term E e can thus be correlated with the temperature increase in the shear band region by the following equation
where W s is the thickness of the shear band, is the mass density of the alloy, C p is the specific heat, and K (at 0.95) is the work-heat transformation coefficient. For the present material, ‫ס‬ 6000 kg/m 3 and C p ‫ס‬ 450 J/(kg K). 27 According to the experimental results, ‫ס‬ 1100 MPa, ␥ e ‫ס‬ 0.02, B ‫ס‬ 0.2 mm, and W s ≈ 0.8 m.
Inserting these values into Eq. (9), the possible temperature rise in the shear bands is about 1830 K. The melting temperature of the tested material is 936 K. Obviously, the adiabatic shear-induced temperature rise in the shear bands at fracture exceeds the melting temperature of the material. This is why numerous liquid droplets and melted belts can be clearly observed on the fracture surfaces. A similar high adiabatic temperature rise in BMGs was observed by the other investigators. 26, 28, 29 For example, by using a high-speed infrared technique, Bruck et al. 28 detected a temperature increase of more than 500 K in the sample surface zone of Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 glassy specimens tested under dynamic compressive loading at room temperature. Liu et al. 26 reported a temperature rise by 900 K-inside the shear bands for a ZrAl-Cu-Ni bulk metallic glass subjected to tensile loading. For our samples, it is noted that the relatively rough fracture surface and the melted droplets on the fracture surface at dynamic strain rates means that the dissipated energy during dynamic shearing is larger than in the quasi-static case. This is perhaps the reason that the measured fracture toughness of this alloy dramatically increases at high strain rates. 
V. CONCLUSIONS
The strain rate-dependent mechanical properties of a Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 bulk metallic glass were investigated using shear-punch testing. The results demonstrate that the formation behavior of shear bands and the fracture of this material are strongly affected by the strain rate. The density of shear bands increases and the serrated flow diminishes with increasing strain rate. The serrated flow can be easily distinguished under quasistatic strain rate while it diminishes under dynamic strain rate. The finding that the serrated flow exhibits an inverse relation to the density of shear bands reveals that the serrated flow depends on the individual behavior of single shear bands, and the collective behavior of numerous shear bands will suppress the serrated flow. Numerous liquid droplets and melted belts on the fracture surfaces demonstrate that the temperature rise at fracture might exceed the melting temperature of the material.
